Pyrrolysyl-tRNA synthetase (PylRS) and its cognate tRNA Pyl have emerged as ideal translation components for genetic code innovation. Variants of the enzyme facilitate the incorporation >100 noncanonical amino acids (ncAAs) into proteins. PylRS variants were previously selected to acylate N e -acetyl-Lys (AcK) onto tRNA Pyl . Here, we examine an N e -acetyl-lysyl-tRNA synthetase (AcKRS), which is polyspecific (i.e., active with a broad range of ncAAs) and 30-fold more efficient with Phe derivatives than it is with AcK. Structural and biochemical data reveal the molecular basis of polyspecificity in AcKRS and in a PylRS variant [iodo-phenylalanyl-tRNA synthetase (IFRS)] that displays both enhanced activity and substrate promiscuity over a chemical library of 313 ncAAs. IFRS, a product of directed evolution, has distinct binding modes for different ncAAs. These data indicate that in vivo selections do not produce optimally specific tRNA synthetases and suggest that translation fidelity will become an increasingly dominant factor in expanding the genetic code far beyond 20 amino acids.
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aminoacyl-tRNA synthetase | genetic code | genetic selection | posttranslational modification | synthetic biology T he standard genetic code table relates the 64 nucleotide triplets to three stop signals and 20 canonical amino acids. Some organisms, including humans, naturally evolved expanded genetic codes that accommodate 21 amino acids (1), or possibly 22 amino acids in rare cases (2) . Engineering translation system components, including tRNAs (3, 4) , aminoacyl-tRNA synthetases (AARSs) (5, 6) , elongation factors (7) , and the ribosome itself (8) , have produced organisms with artificially expanded genetic codes. Products of genetic code engineering include bacterial, yeast, and mammalian cells and animals that are able to synthesize proteins with sitespecifically inserted noncanonical amino acids (ncAAs) (9) .
Genetic code expansion systems rely on an orthogonal AARS/ tRNA pair (o-AARS, o-tRNA) (5, 6) . The o-AARS should be specific in ligating a desired ncAA to a stop codon decoding tRNA, and both the o-tRNA and o-AARS are assumed not to cross-react with endogenous AARSs or tRNAs. Although some AARSs evolved in nature to recognize certain ncAAs (10) (11) (12) , many genetic code expansion systems require a mutated AARS active site. The active site of the o-AARS is usually redesigned via directed evolution (6) , including positive and negative selective rounds, to produce an enzyme that is assumed to be specific for an ncAA and not active with the 20 canonical amino acids. Genetic code expansion technology is rapidly evolving (13) , and the ability to incorporate multiple ncAAs into a protein using quadruplet-codon decoding (14) or sense-codon recoding (15) (16) (17) (18) (19) is now becoming feasible. Protein synthesis with multiple ncAAs will require o-AARSs that are able to discriminate their ncAA substrate not only from canonical amino acids in the cell but from other ncAAs that are added to the cell.
Probing the effects of amino acid analogs on bacterial cell growth revealed, over 50 y ago, that many ncAAs were incorporated into proteins by the regular translation machinery (10) . Thus, it was not surprising to see that many of the successful orthogonal Methanococcus jannaschii tyrosyl-tRNA synthetase variants (20) facilitate incorporation of multiple different ncAAs (21) (22) (23) ). This polyspecificity is also a property of the orthogonal pyrrolysyltRNA synthetase (PylRS)/tRNA Pyl pair (reviewed in ref. 24 ). PylRS variants that facilitate site-specific insertion of N « -acetyl-L-Lys (AcK; 2) (Fig. 1A ) into proteins were derived from directed evolution experiments (25) (26) (27) (28) . These AcK-tRNA synthetase (AcKRS) enzymes have been used to investigate the role of acetylation sites in tumor suppressor p53 (29) and histone H3 (30) .
Here, we present biochemical and structural studies showing that AcKRS variants are polyspecific and catalytically deficient enzymes compared with canonical AARSs. These AcKRSs selected by directed evolution to ligate AcK to tRNA Pyl are actually ∼30-fold more efficient in activation with Phe derivatives. Crystallographic structures of AcKRS and PylRS variants in complex with AcK, 3-iodo-L-Phe (3-I-Phe; 4) (Fig. 1A) , or 2-(5-bromothienyl)-L-Ala (3-Br-ThA; 10) (Fig. 1A) reveal the structural basis of polyspecificity in these engineered PylRS enzymes.
Results
Polyspecificity in Engineered PylRS Enzymes. We determined the substrate range of two AcKRS enzymes by screening with a chemically diverse library of 313 ncAAs (11, 32) , followed by rescreening with a selected subset of Phe and Lys derivatives (Fig. 1B) . For this screen, we used a superfolder GFP (sfGFP) reporter (32) bearing a TAG codon at position 2, a site known to be permissive for diverse ncAAs (32, 33) . The reporter was coexpressed with plasmids encoding the tRNA Pyl and AcKRS; quantification was by sfGFP fluorescence, the indication of ncAA incorporation efficiency. As Significance Pyrrolysyl-tRNA synthetase (PylRS) and its cognate tRNA Pyl have emerged as ideal translation components for genetic code innovation. We found that a series of PylRS variants that were initially selected to be specific for the posttranslational modification N e -acetyl-L-Lys displayed polyspecificity [i.e., activity with a broad range of noncanonical amino acid (ncAA) substrates]. Our structural and biochemical data indicate that the engineered tRNA synthetases can accommodate ncAA substrates in multiple binding modes. The data further suggest that in vivo selections do not produce optimally specific tRNA synthetases and that translation fidelity will become an increasingly dominant factor in expanding the genetic code far beyond 20 amino acids. a control WT sfGFP (AGC Ser codon at position 2) was monitored. Compared with this WT control, translation of UAG (codon 2) with AcK was 2% (for AcKRS1) and 4% (for AcKRS3).
AcKRS3 showed significant incorporation of six ncAAs (Fig.  1B) . Even though AcK (2) is among them (Fig. 1A) , four meta substituted Phe analogs (4, 5, 7, and 9) enabled more sfGFP production compared with AcK (Fig. 1B) . Incorporation of 4 and 10 was analyzed by full-length protein MS and LC-tandem MS (MS/MS), which identified the expected ncAA but no other amino acids inserted at position 2 in sfGFP (Figs. S1-S4 ). The AcKRS1 substrate range is similar (Fig. S5 ) with four ncAAs (3-5 and 7) showing better incorporation than AcK (2) .
The fact that both AcKRS variants showed good activity with 3-I-Phe suggests that the PylRS active site may be better suited for binding of metasubstituted Phe derivatives. This conclusion is supported by a recent report (34) showing the PylRS variant Asn346Ala/Cys348Ala to possess significant activity with 3-I-Phe yet weak activity with Phe. Based on these data, we created PylRS mutant libraries that randomized active site positions, including N346 and C348 (SI Methods). The libraries were selected for 3-I-Phe incorporation into chloramphenicol acetyl transferase with a TAG codon at position 112. Selection from this library produced a mutant [iodo-phenylalanyl-tRNA synthetase (IFRS); Asn346Ser/Cys348Ile] that showed significantly higher UAG translation (∼50% of WT sfGFP) than any known PylRS variant ( Table 1) . The other metasubstituted Phe analogs (5-8) displayed 30-68% incorporation efficiencies (Table 1 , Fig. S6 , and Dataset S1). IFRS also shows a broader substrate range than AckRS1 (Fig. S6) . The electrospray ionization (ESI)-MS and MS/MS analyses (Figs. S1-S4) indicate that UAG translation led only to the desired ncAA-containing protein product, and no canonical amino acid insertion at the UAG-encoded locus was observed. These data indicate that the sfGFP fluorescence data are a quantitative measure of ncAA incorporation.
Enzyme Kinetics of PylRS Variants. AARSs catalyze a two-step reaction. The amino acid substrate is first activated by adenylation in a reaction with ATP. The aminoacyl-adenylate is then a substrate for aminoacyl-tRNA formation in the second step. Both steps can be monitored biochemically; amino acid-AMP formation is monitored by the ATP-PP i exchange assay (35) , whereas aminoacylation is assayed by quantitating amino acid ligation to radiolabeled tRNAs (36, 37) (SI Methods). The enzyme kinetic constants (k cat and K m ) are used to compare activity for the different ncAAs. As reported in earlier studies (38, 39) , the truncated version (to overcome solubility problems) of the PylRS enzyme (residues 185-454) was used to measure the ATP-PP i exchange. However, in the aminoacylation experiments, full-length PylRS variants could be used because the assay (37) required low enzyme concentrations.
The enzymatic characterization of WT PylRS was stalled by the lack of pyrrolysine (Pyl). Because there is no commercial source of Pyl and its early chemical synthesis had proven to be challenging (40), we used a sample from an alternative synthetic route (41) . We determined the kinetic parameters with Pyl for WT Methanosarcina mazei PylRS (MmPylRS) and Methanosarcina barkeri PylRS (MbPylRS). The data show a K m of ∼50 μM and a catalytic turnover of 0.1-0.3 s −1 in amino acid-AMP formation ( Table 2 ) and values of 20 μM and 0.008-0.03 s −1 for Pyl-tRNA Pyl formation (Table 1) . Thus, even with its native substrate, PylRS is less efficient than many AARSs with k cat values about >1,000-fold lower than measured for many canonical AARSs (e.g., phenylalanyl-tRNA synthetase) (42) (Tables 1 and 2 ). This lower activity is not surprising, because in Methanosarcina, Pyl is translated by as few as ∼50 codons, whereas a "canonical" tRNA synthetase [e.g., Escherichia coli leucyl-tRNA synthetase (43) ] normally needs to provide substrate to translate ∼150,000 codons.
AcKRS1 is most catalytically efficient with the substrate 3-trifluoromethyl-L-Phe (7) (Fig. 1) . This activity is 166-fold less efficient compared with WT PylRS activity with Pyl. Surprisingly, the K m for AckRS1 with AcK is 35 mM, but its k cat is only 10-fold lower than WT PylRS for Pyl. The best substrate for AcKRS3 is 3-I-Phe (4) (Fig. 1) , but the activity is 288-fold less efficient compared with WT PylRS with Pyl as a substrate.
The UAG translation efficiencies observed in vivo in the sfGFP reporter (Table 2 and Figs. S5 and S6) are in moderate agreement with the enzyme-kinetic data. However, aminoacylation is only one component that influences translation efficiency; ncAA uptake (44) and stability and elongation factor Tu (EF-Tu) compatibility (7) are known to alter the efficiency of translation. It is also possible that some ncAAs or translation of offtarget UAG codons could alter the cellular proteome or metabolism in ways that may have an impact on protein synthesis and its fidelity.
The improved translation efficiency observed for IFRS is evident in biochemical assays, which show IFRS to be fivefold more efficient in 3-I-Phe-adenylate formation compared with AckRS1 or AcKRS3 (Table 2) Pyl was measured by fluorescence intensity. A library of 94 different Lys and Phe analogs (Dataset S1) was tested. Fluorescence signals from the incorporation of ncAAs 2-5, 7, 9, and 10 are labeled in A. Well A12 is a control without added ncAA. Well A1 was a positive control experiment to detect the production signal of WT sfGFP (100%). Fluorescence data and error values (SD) are represented by bars from three independent experiments (also given in Dataset S1). Colors (0-4% in purple, 4-8% in blue, 18-24% in red, and 95-100% in brown) have been used to indicate the level of UAG read-through.
( Table 1 ). Despite the fact that PylRS is significantly more active for Pyl than are engineered AARSs for their substrates, we recorded only 15% UAG read-through with Pyl, whereas Pyl analogs support up to 40% UAG read-through (35) . These data may indicate that E. coli imports Pyl less efficiently than other ncAAs or that it is less stable; however, a firm conclusion requires determination of the concentrations of these amino acids in the cell.
Anatomy of an Engineered Active Site. Seven distinct AckRS variants have been reported previously (25) (26) (27) (28) 30) . Three variants were derived from the MbPylRS (25, 30) , whereas the others originated from the MmPylRS (26) (27) (28) . Biochemical studies revealed that the AcKRS enzymes were far less catalytically efficient than natural tRNA synthetases (26) . This result led us to characterize AcKRS complexed with AcK structurally. Because we had previously optimized crystallization conditions for MmPylRS, we constructed AcKRS3, an MmPylRS variant that carried the active site residues of an M. barkeri AcKRS (Table S1 ). Cocrystals of AcKRS3 complexed to AcK and the ATP analog 5′-adenylyl β,γ-imidodiphosphate (ADPNP) were obtained following previously published protocols (38) , with specific modifications (SI Methods). The final structure was refined at a resolution of 2.3 Å with an R factor of 18.6% and an R free value of 21.4% (Table S2) .
AckRS3 crystals contain one protein molecule in the asymmetrical unit. The anticipated AcKRS3 dimer is created by crystallographic symmetry between neighboring enzymes in the crystal lattice. The Fourier difference (F o -F c ) electron density maps show clear density for the ADPNP contoured at 4σ. Density for AcK appears at 4σ, with the strongest density around the α-and β-carbons of the R group. There is no density for the methyl group in the acetyl moiety (Fig. S7) . High β-factors associated with the terminus of the AcK R group indicate that the amino acid substrate is highly mobile in the active site. In addition, the AcK shows ∼70% occupancy even at a 75 mM concentration in the cryogen solution. The remaining molecules in the crystal contain water molecules with well-defined hydrogen bonding partners in the active site. In (10) 0.37 ± 0.09 0.14 ± 0.01 0.38 0.9 7 ± 0.9
Apparent kinetic parameters of PylRS variants for aminoacylation were determined by quantitating amino acid ligation to radiolabeled tRNAs (36) . Numbers of amino acids are shown in bold. Apparent kinetic parameters of MmPylRS variants for amino acid activation were determined by ATP-PP i exchange for the amino acids indicated. Numbers of amino acids are shown in bold. CF 3 -AcK, N « -trifluoroacetyl-L-Lys; nd, not detectable. *UAG translation efficiency is from data in Figs. S5 and S6. Translation of the WT sfGFP (AGC is codon 2) is considered 100%, and the percentage of sfGFP observed resulting from UAG translation with the indicated ncAA is referred to as the UAG translation efficiency.
† Kinetic data (K m and k cat ) for MbPylRS were reproduced from previous work (66) . ‡ Not measured. § Kinetic data were reproduced from a study by Umehara et al. (26) .
comparison to the WT PylRS structure, one of the most noticeable changes in the amino acid binding pocket is the movement of Asn346 (Fig. 2) . The density for Tyr384 is not resolved, and the aromatic ring appears to be disordered (45) .
Comparison of the MmPylRS and AcKRS3 show that the structures are nearly identical, except in the active site (Fig. 2) . All AcKRS variants differ from their parent PylRS at four to five positions in the active site. With the exception of AcKRS2, all other AcKRSs have the mutations Cys348Phe and Leu309Ala (Table S1 ). The Tyr at position 306 is either a Leu or Phe residue. The AcKRS3 structure indicates that the Leu309Ala substitution creates space for a new cluster of hydrophobic and bulky residues at positions 348 and 306. These mutations lead to an AcKRS active site that is smaller and more hydrophobic than that of the parent PylRS, which demonstrates why AcKRS is no longer active with the larger substrate, Pyl (26) ( Table 2 ) and why the parent PylRS enzyme is not active in inserting AcK into proteins in vivo (26) . Interestingly, one PylRS variant (Tyr306Ala/Tyr384Phe) was shown to accommodate furan-containing ncAAs that are substantially larger than Pyl (46) . In a crystal structure, the Ala substitution at position 306 was implicated in extending the size of the active site pocket to accommodate larger ncAAs.
A number of structural studies have shown significant plasticity in the active site of the WT PylRS (38, 47, 48) , which explains earlier biochemical studies demonstrating that PylRS is able to accommodate several different Pyl and Lys derivatives (35, 49) . Structural analyses have also revealed how mutant PylRS enzymes can accommodate ncAAs that are chemically distinct (50) and larger than Pyl (47), including furan-containing Lys (46) and norbornene-containing Pyl analogs (51) . Larger ncAAs are accepted by these PylRS variants by creating larger amino acid recognition pockets with mutations to smaller active site residues, particularly at position 306.
The structure suggests that hydrophobic shape complementarity is the principal means by which AcKRS recognizes AcK. In the PylRS/Pyl complex, Tyr384 and Asn346 make specific hydrogen bonding interactions with the amide group and nitrogen atom on the pyrroline ring (Fig. 2B ). In the AcKRS structure, the N « -amide group has no hydrogen bonding partners. In fact, Asn346 forms a novel interaction with the α-amino group of the AcK substrate (Fig. 2B) . This interaction shifts the AcK substrate away from a catalytically competent conformation, which is exemplified by the Pyl substrate in the PylRS complex (Fig. 2C ).
Structural Basis of Polyspecificity. To understand how IFRS accommodates chemically diverse ncAAs, we solved two of the crystal structures of IFRS in complex with 3-I-Phe and 3-Br-ThA. Crystals of 3-I-Phe or 3-Br-ThA complexes diffracted at 2.1 or 2.7 Å, respectively (Table S2) . Overall, the structures are highly similar, and electron densities corresponding to the ncAA substrates were clearly assigned in the active site (Fig. S8) . In the 3-I-Phe complex structure, we found evidence that the ncAA substrate is present in at least two confirmations in the active site. The residual Fourier difference (mF o -dF c ) electron density map at 4σ suggests two locations for the iodo atom (Fig. S8A) .
Most strikingly, 3-I-Phe and 3-Br-ThA occupy distinct binding pockets within the active site of IFRS (Fig. 3) . The twisted fivemembered ring of 3-Br-ThA allows this ncAA to bind deeper into the active site cleft, which positions the carbonyl further away from the site of adenylation catalysis compared with 3-IPhe. The mF o -dF c map at 4σ suggests a single clearly defined location for the Br atom (Fig. S8B) .
One of the 3-I-Phe conformations is more similar to 3-Br-ThA, and these structures may represent nonproductive complexes. The enhanced activity IFRS shows toward 3-I-Phe compared with 3-BrThA may be due to the fact that 3-I-Phe is able to bind in a more productive conformation for catalysis to proceed. Interestingly, in one conformation, the iodo atom of 3-I-Phe binds at exactly the same position as the S atom in 3-Br-ThA, and in the second 3-I-Phe conformation, the iodo and bromo groups are colocalized (Fig. 3E) . A number of PylRS structures complexed with Lys derivatives have led to the conclusion that the large size of the PylRS active site pocket is principally responsible for its activity with multiple ncAAs (52) . Although this conclusion is likely correct, the fact that IFRS has (at least) two binding modes for different ncAAs is clearly related to the polyspecificity that this enzyme displays.
Discussion
Genetic selection underlies evolution in nature as well as directed evolution in the laboratory. The powerful nature of genetic selection leads one to feel that these procedures should reveal from a library of genetic variants the best enzyme, in terms of activity and specificity. However, more than half a century ago, many ncAAs were shown to be incorporated into proteins by the natural protein synthesis machinery (10) . These ncAAs are close structural analogs of the natural amino acids, and the endogenous tRNA synthetases cannot effectively discriminate against these unnatural substrates (11). It is perhaps self-evident that natural selection cannot optimize enzymes to reject unnatural substrates that the cell has never encountered. The same is true for directed evolution experiments. It is normally assumed that off-target activities are weak or residual compared with natural substrates (53) . Therefore, it should not be surprising that directed evolution produces polyspecific tRNA synthetases. Genetic code expansion technologies are moving toward genetically encoding multiple diverse ncAAs. Cross-reactivity between engineered tRNA synthetases and diverse ncAA substrates will become a limiting factor in creating high-fidelity orthogonal translation systems with multiple varied ncAAs (16, 54, 55) . The extent of protein engineering is limited by the fitness of the organism. Another reason why directed evolution experiments may fail to produce enzymes with the desired level of activity or specificity is that certain variants may be toxic to the cell. It is well known that protein synthesis quality control (56) ensures cellular fitness by preventing the accumulation of mistranslated proteins and the associated unfolded protein response mechanisms that underlie diverse human diseases (57) . For genetic codes expanded in the laboratory, protein quality control is also an important issue. A system developed to reassign UAG codons to O-phosphoserine (Sep) leads to significant growth defects when expressed in WT E. coli cells (33) . Translational read-through of endogenous UAG codons with Sep lengthened native proteins beyond their normal termination point and reduced cell viability. This and related work motivated an extensive genome editing effort using multiplex automated genome engineering (MAGE) that produced an E. coli strain in which all genomic TAG codons were mutated to TAA, thus providing a clean genetic background for reassignment of UAG to any desired ncAA (58) .
Engineering other components of the translation machinery may also be required for optimal protein synthesis with ncAAs (59) . In redesigning EF-Tu to accommodate site-specific selenocysteine incorporation, certain EF-Tu variants that specifically recognized selenocysteinyl-tRNA in vitro were toxic to the cell when expressed in vivo (60) . Similarly, EF-Tu mutants designed to carry a bulky fluorescent ncAA-tRNA did not release the ncAA-tRNA fast enough to support efficient translation (61) .
The best enzyme may not be the same as the enzyme most "orthogonal" to the natural amino acids. Traditionally, o-AARS/o-tRNA pairs were derived from successive positive and negative rounds of selection (5, 6) . In the positive rounds, UAG translation of an antibiotic marker leads to cell survival. This selection reveals tRNA synthetase variants that translate UAG with ncAAs and/or canonical amino acids. The ncAA is omitted from negative selection, and translation of a toxic protein containing an in-frame UAG codon eliminates variants that promote incorporation of canonical amino acids. This stringent negative selection may eliminate some highly active synthetase variants. Indeed, it was recently demonstrated that relaxing selection conditions and screening variants for high-yield ncAA incorporation in vivo produced a second-generation 3-nitrotyrosyl-tRNA synthetase that is an order of magnitude more efficient than the first-generation enzyme (62) . Because the mutant synthetase showed significant activity with the natural Tyr, relaxing selection stringency also has an impact on translation fidelity with ncAAs.
In addition to specificity, enzymatic activity of engineered tRNA synthetases may be far lower (by up to ∼1,000-fold) than what is observed in many natural tRNA synthetases (42, 43, 63) . Despite this fact, even these lower activity tRNA synthetases can facilitate almost "normal" levels of protein synthesis as judged by sfGFP production. ESI-MS and LC-MS/MS analysis confirmed that the sfGFP produced resulted only from insertion of the desired ncAA in response to the UAG codon (Figs. S1-S4 ). We also found that modest increases in catalytic efficiency (k cat /K m ) can increase translational read-through of UAG to a level of 68% compared with normal sense codon decoding (Table 2 ). In fact, these and other findings challenge the widely held idea that tRNA synthetases display "typical" K m or k cat values. Apart from the well-known AARS variants, tRNA synthetases and functionally distinct paralogs of these enzymes show a wide range of enzymatic activity in nature. PoxA, a paralog of lysyltRNA synthetase (LysRS) that uses (R)-β-Lys to modify elongation factor P posttranslationally (64) , is 400-fold less catalytically efficient than LysRS, yet the enzyme is perfectly acceptable to the cell, which would otherwise have evolved it to greater efficiency.
Recent success in synthesizing proteins with 21 (58) or 22 (54) amino acids at efficiencies nearing that of normal protein synthesis are promising for the field. New technologies, including MAGE (58) and phage-assisted continuous evolution (65) , are expected to play important roles in further expanding the genetic code by allowing sampling of larger libraries of enzyme variants and enabling improvement of moderately active orthogonal translation components. Even with these technological advances, it is clear that genetic code engineers face complex issues in protein engineering and design related to tRNA synthetase activity, specificity, and translation fidelity in their attempts to evolve cells to make proteins with more than 22 amino acids.
Methods
Enantiomerically pure L-Pyl was synthesized exactly as described previously (41) . For crystallographic studies, overexpression and purification of the Cterminal domain (CTD; residues 188-454) of AckRS1 were performed in the same manner as for the CTD of PylRS described previously (38) . The CTD of MmPylRS and IFRS was used for assaying ATP-PP i exchange. Aminoacylation was measured with full-length MbPylRS, MmPylRS, and IFRS. The enzyme substrate range was determined by the sfGFP assay using 313 ncAAs at a 1 mM concentration (SI Methods). 
